The balance between contraction and relaxation signals determines the vascular tone, the major determinant of the resistance to blood flow through the circulation. The regulation of the general vascular tone depends on the activity of plasma membrane ion channels, through which the movement of ions determines, to a large extent, the membrane potential of vascular smooth muscle cells (SMC) 1 (1, 2) . Activation of SMC by contractile agents (e.g. ␣-adrenergic agonist) induces a cascade of events resulting in an increase in cytosolic Ca 2ϩ concentration and smooth muscle contraction (1, 2) . Smooth muscle contraction is also initiated by membrane depolarization (e.g. induced by elevation of extracellular K ϩ concentration), which opens voltage-dependent Ca 2ϩ channels, resulting in the influx of Ca 2ϩ . Relaxation of SMC, on the other hand, is dependent on at least two processes. One is the passive relaxation following the removal of the contractile agents. Second is the active relaxation supported by cyclic nucleotide-dependent pathways, in the continued presence of the contractile agent (3) . Cyclic AMPand cyclic GMP-dependent protein kinases modulate SMC relaxation by mechanisms independent of changes in intracellular Ca 2ϩ concentrations or of the state of myosin light chain phosphorylation (1) (2) (3) . In SMC, the neuropeptide vasoactive intestinal peptide (VIP) induces smooth muscle relaxation (4) . VIP also increases the cellular cAMP in SMC (4) as well as in other cells (5) , but the precise contribution of cAMP to the vasodilation effect of VIP is not known (4) .
In vitro studies have provided evidence that Cl Ϫ currents are important for equilibrium of membrane potential, intracellular pH, cell volume maintenance, and SMC contraction (1, 2, 6 -8) . Among the ionic channels identified in SMC are Ca 2ϩ -activated Cl Ϫ channels (I ClCa ) (2, 6 -8) . More recently, the voltage-dependent chloride channel ClC-3 has been identified in canine colonic smooth muscle, the activation of which depends on cellular volume (9) . Here we present evidence that another chloride channel is expressed in SMC (i.e. the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel). The CF gene encodes CFTR, a protein that functions as a * This work is in partial fulfillment of Ph.D. requirements for R. R. and was supported by a fellowship from Vaincre la Mucoviscidose (VLM). This work was also supported by grants from VLM and CNRS. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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cAMP-dependent Cl
Ϫ channel in the apical membrane of secretory epithelial cells (10, 11) . Whereas CFTR has been generally regarded as specifically expressed in epithelial cells, evidence for CFTR expression and/or function as a Cl Ϫ conductance has been observed in cardiac muscle cells (12) (13) (14) , brain (15) , and endothelia (16, 17) . In this study, we demonstrated expression of PKA-regulated CFTR in rat smooth muscle cells, explored its pharmacology and regulation by various physiologic and pharmacologic agonists (i.e. the ␤-adrenergic agonist isoproterenol, the neuropeptide VIP, forskolin, IBMX, and benzo[c]quinolizinium derivatives), and provided evidence for a role of CFTR in the autonomic and hormonal regulation of the vascular tone.
EXPERIMENTAL PROCEDURES
Vessel Preparation-All experiments were performed on male Wistar rats (250 -300 g). The thoracic aorta of animals killed by cervical dislocation was removed and placed into Krebs solution containing 120 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgCl 2 , 15 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 11 mM D-glucose, 10 mM Hepes, pH 7.4. After separation of connective tissues, the thoracic segment of aorta was cut into rings of 3 mm in length. The preparation was then transferred into a 5-ml organ bath containing Krebs solution bubbled with a mixture of 95% O 2 and 5% CO 2 . Each aortic ring was suspended between two stainless steel hooks. One of the hooks was mounted at the bottom of the bath, whereas the other was connected to force displacement transducer IT1-25 (Emka Technologies). All experiments were performed at 37°C. A basal tension of 2 g was applied in all experiments. The endothelium from all arterial rings was removed by rubbing its luminal surface. Endothelium integrity or functional removal was verified by the presence or absence, respectively, of the relaxant response to 10 Ϫ5 M acetylcholine. SMC Isolation-For each culture, thoracic aortas from four rats were excised and placed in modified Krebs solution containing 120.8 mM NaCl, 5.9 mM KCl, 0.2 mM CaCl 2 , 1.2 mM MgCl 2 , 1.2 mM NaH 2 PO 4 , 2 mM NaHCO 3 , 11 mM D-glucose, 10 mM Hepes, and pH 7.4. Cleaned aortas were placed for 20 min at 37°C in modified Krebs solution containing 10 units/ml elastase (Serva, Germany), 170 units/ml collagenase (CLS2; Worthington), 0.6 mg/ml trypsin inhibitor (Sigma), 1 mg/ml bovine albumin (Sigma). Tunica adventicia and endothelium were removed, and the remaining medial layers were minced and digested for 50 min in ␣-minimal essential medium (Invitrogen) containing 0.024 M Hepes, 300 units/ml collagenase, 65 units/ml elastase. The suspension was filtered, collected in ␣-minimal essential medium containing 0.024 M Hepes plus 10% fetal calf serum, and centrifuged at ϩ4°C. Cells were resuspended in ␣-minimal essential medium plus 10% fetal calf serum, plated onto glass coverslips or 24-well plates, and incubated at 37°C in 5% CO 2 . Characteristics of SMC were verified by positive immunostaining with the monoclonal anti-␣-smooth muscle actin antibody (clone 1A4; Sigma) and by their inability to react with von Willebrand Factor VIII antibody (Sigma), a marker of endothelial cells. All solutions contained 100 units/ml penicillin and 0.1 mg/ml streptomycin.
Immunoprecipitation and Phosphorylation of CFTR-Smooth muscle and HT29 cells (a human epithelial colonic cell line) were washed three times in phosphate-buffered saline, scraped in a sufficient volume of radioimmune precipitation buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, 1% Triton X-100) supplemented with protease inhibitors (20 M leupeptin, 0.8 M aprotinin, 10 M pepstatin, and 2.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride), and homogenized by several passes through a 23-gauge syringe needle. Cell lysates were incubated on ice for 30 min and clarified by centrifugation at 15,000 ϫ g for 5 min at 4°C. Cell lysates were then supplemented with 3 volumes of NET buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% Nonidet P-40) and incubated overnight at 4°C with 2 g of CFTR mouse monoclonal antibody clone 24 -1 (R & D Systems) or 2 g of nonimmune mouse IgG (Sigma). To precipitate immune complexes, an incubation with 3 g of protein G-Sepharose (Amersham Biosciences) was conducted for 1 h at 4°C. Bead-bound complexes were washed three times with ice-cold NET buffer and resuspended in 50 l of phosphorylation buffer (50 mM Tris-HCl, 0.1 mg/ml bovine serum albumin, 10 mM MgCl 2 , pH 7.5). CFTR was phosphorylated in vitro (1 h at 32°C) using 2 units of the catalytic subunit of PKA (Sigma) and 10 Ci of [␥-32 P]ATP (3000 Ci/mmol; Amersham Biosciences). After several washes in ice-cold NET buffer, proteins were denatured in Laemmli buffer for 15 min at room temperature. Samples were then separated on 6% polyacrylamide SDS-PAGE, and, after drying, phosphorylated proteins were visualized by autoradiography.
Immunohistochemistry and Immunofluorescence-For immunohistochemical analysis of CFTR protein expression in intact tissue, rat aorta and rat skeletal muscle were dissected out, and rat aorta endothelium was removed. Tissues were fixed for 3 h in 0.01% phosphate buffer containing 0.01 M sodium meta-periodate, 0.075 M lysine, 3% paraformaldehyde at room temperature and stored overnight in 30% saccharose at 4°C. Coronal sections (10 m thick) were cut with a cryostat and mounted on polylysine-coated glass slides. Sections were washed three times in Tris-buffered saline containing 0.4% Triton X-100, and nonspecific binding sites were blocked with Tris-buffered saline containing 0.4% Triton X-100, 0.5% bovine serum albumin, and 10% goat serum for 1 h. Anti-CFTR C-terminal monoclonal antibody (1:100, Ig2a, mouse anti-human; R & D Systems) was used as primary antibody. Organ sections were incubated with primary antibody overnight at 4°C. After three washes, organ sections were incubated with the biotinylated anti-mouse IgG secondary antibody (1:200; Vector Laboratories, Burlingame, CA) for 1 h at room temperature. Samples were then washed three times in Tris-buffered saline and incubated with the fluorescein isothiocyanate-conjugated streptavidin for detection of biotin. Nucleic acids were stained in blue with TO-PRO-3 iodide (Molecular Probes, Inc., Eugene, OR) for 15 min at room temperature (1:200 in Trisbuffered saline), and preparations were mounted in the same antifade solution Vectashield Mounting Medium (Vector Laboratories). In control experiments, the primary antibody was omitted. Fluorescence was detected using confocal laser-scanning microscopy (Bio-Rad MRC 1024). In all experiments, CFTR appears in green, and nuclei appear in blue (see Fig. 2 ).
Functional Study of Chloride Channel Activity in SMC-Chloride channel activity was assayed at 37°C by measuring the rate of iodide ( 125 I) efflux as previously described (18, 19) and adapted to SMC. All experiments were performed at 37°C. Cells were placed in multiwell plates in order to perform parallel experiments and comparison analysis using a robotic system (MultiProbe II EXT®; PerkinElmer Life Sciences) adapted to the iodide efflux method. Two different efflux buffers were used. Classical Krebs solution containing 120 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgCl 2 , 15 mM NaHCO 3 , 1. I at time t, and t 1 and t 2 are successive time points (18, 19) . Curves were constructed by plotting k versus time. Relative rates were calculated and correspond to k peak Ϫ k basal (min Ϫ1 ) (i.e. k representing the peak rate excluding the third point used to establish the base line). For experiments using the chloride transport inhibitors, glibenclamide, diphenylamine-2-carboxylic acid (DPC), and TS-TM calix [4] arene, they were present in the loading solution and in the efflux buffer. Results are expressed as mean Ϯ S.E. of n observations.
Contraction Measurement on Isolated Aortic Rings-During 1 h, tissues were rinsed three times in Krebs solution, and the basal tone was always monitored and adjusted to 2 g. High K ϩ solution (Krebs solution with 80 mM of KCl, where Na ϩ was replaced by an equimolar concentration of K ϩ to maintain a constant ionic strength) or 10 Ϫ6 M norepinephrine (denoted NE) were used to evoke the sustained contractile response. Once the sustained tension was established, the tissues were allowed to equilibrate further for 30 min before cumulative addition of agonist to the bath. Cumulative concentration-response relationships for the relaxant effect of MPB compounds was determined in aortic rings following stable contraction. The relaxant effect of CFTR agonists was expressed as percentage contraction of the agonist-constricted arterial rings. IC 50 was calculated as the drug concentration inducing a half-maximal vasorelaxation (or inhibition of contraction). Data are presented as mean Ϯ S.E. of n experiments.
Chemicals-The benzo[c]quinolizinium compounds 10-chloro-6-hy- (21) . The chloride channel inhibitors DPC and glibenclamide, the ␣-adrenergic agonist norepinephrine, the ␤-adrenergic agonist isoproterenol, and the neuropeptide vasoactive intestinal peptide were from Sigma. All other products were from Sigma. All compounds were dissolved in Me 2 SO (final Me 2 SO concentration 0.1%) except isoproterenol, norepinephrine, VIP, MPB-07, and MPB-80, which were dissolved in water.
Statistics-All results are expressed as mean Ϯ S.E. of n observations. Sets of data were compared with either an analysis of variance or Student's t test. Differences were considered statistically significant when p Ͻ 0.05. Nonsignificant difference was as follows: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. All statistical tests were performed using GraphPad Prism version 3.0 for Windows (Graphpad Software).
RESULTS

Identification of CFTR in SMC by Immunoprecipitation and in Vitro Phosphorylation
Studies-In epithelia and nonepithelia, the activity of CFTR channels is under the control of cAMPdependent process leading to the phosphorylation by protein kinases (principally PKA) of the regulatory (R) domain of CFTR (10 -18) . Since CFTR has been detected in ventricular heart cells (11) (12) (13) (14) , we raised the question of its expression in vascular cells. We first searched for the presence of CFTR in SMC at a protein level. CFTR protein expression was analyzed using immunoprecipitation experiments using anti-CFTR antibody followed by in vitro PKA phosphorylation. Results are shown in Fig. 1 . We used the HT29 epithelial cell line as a positive control, because these cells express CFTR endogenously (10) . The expected phosphorylated band obtained by CFTR immunoprecipitation in HT29 cells is presented Fig. 1 (lanes 1 and 2) . A similar pattern was obtained with SMC as shown in lane 4 in Fig. 1 . The major CFTR form corresponds to band C (10, 18) at the 175-kDa protein, as determined by molecular mass standards. Controls with nonimmune mouse IgG are also provided in Fig. 1, lanes 3 and 5, for HT29 and SMC, respectively. These results demonstrated that CFTR endogenously expressed in SMC can be phosphorylated in vitro by PKA as in epithelial cells (10, 11, 18) .
Immunolocalization of CFTR Proteins in Smooth Muscle-We investigated the location of CFTR in aortic rings. Results from experiments using 10-m-thick coronal sections of rat aortas (without endothelium) cut with a cryostat and mounted on polylysinecoated glass slides are shown in Fig. 2 . Staining of rat denuded aortic rings was performed with anti-CFTR C-terminal monoclonal antibody (as primary antibody) and incubation with the biotinylated anti-mouse IgG secondary antibody. Samples were further incubated with the fluorescein isothiocyanate-conjugated streptavidin for detection of biotin. We found CFTR localization within the thickness of rat aorta in smooth muscle cells (Fig. 2B) as compared with the control in which primary anti-CFTR was omitted ( Fig. 2A) . High magnifications of rat aorta sections are presented in Fig. 2 , C and D. With the negative control (Fig. 2, A and C) , only the nuclei, stained in blue, are apparent. From Fig. 2B , it can be seen that CFTR is localized in smooth muscle cells arranged in concentric layers separated by elastic tissues. Autofluorescence in brown, which corresponds to the intact elastic lamellar structure typical of aortic tissue, is detected with (Fig. 2, B and D) or without the primary antibody (Fig. 2, A and C) . Finally, using the same antibody, CFTR was found absent from rat skeletal muscle cells (Fig. 2,  E and F) .
Functional Analysis of CFTR in SMC: Activation by cAMP Agonists-Implicit in the successful identification of CFTR in SMC was the assumption that it would function as a cAMPregulated Cl Ϫ channel as in epithelial and nonepithelial cells (10 -18) . Therefore, several series of experiments were con- ducted to investigate first whether CFTR is functional as a cAMP-and agonist-dependent chloride channel and, second, since CFTR is present in the concentric layers of smooth muscle within the thickness of rat aorta, whether it could play a role in the vascular reactivity. We first searched for a cAMP-regulated Cl Ϫ channel activity by measuring the rate of iodide ( 125 I) efflux (18, 19) from isolated SMC. We performed two series of experiments. First, SMC were bathed in a classical Krebs saline (containing 4.7 mM K ϩ ) mimicking the physiological extracellular medium. Second, we used a modified Krebs solution containing 80 mM extracellular K ϩ , because it is known that high K ϩ depolarizes the cell membrane and promotes the contraction of SMC by activating voltage-gated Ca 2ϩ channels (2, 22) . A cAMP-promoting mixture containing 10 M forskolin, 500 M IBMX, and 500 M cpt-cAMP was used. Two important results were obtained and presented in Fig. 3 . With Krebs saline, no stimulation by cAMP agonists could be detected as compared with basal conditions (Fig. 3A, n ϭ 8 each) . In contrast, with SMC bathed in the high K ϩ solution, a dramatic stimulation of iodide effluxes in the presence of a cAMP-promoting mixture (Fig. 3, A and B , n ϭ 20) was observed with isolated rat smooth muscle cells as compared with resting cells (labeled basal in Fig. 3B , p Ͻ 0.001). The stimulation of iodide efflux results in a rapid increase of the rate of efflux (k) within the first 2 min after the addition of the agonists (Fig. 3B) . The peak rate was 0.148 Ϯ 0.009 min Ϫ1 (n ϭ 20) for cells stimulated by cAMP agonists and 0.067 Ϯ 0.005 min Ϫ1 (n ϭ 8) for cells maintained in basal conditions.
Three different classes of Cl
Ϫ channel inhibitors were used to establish the pharmacological signature of CFTR: glibenclamide and DPC, inhibitors of CFTR channels (23, 24) , and the TS-TM calix [4] arene derivative, an inhibitor of outwardly rectifying Cl Ϫ channels but not of CFTR (19, 21, 24) . We found that the stimulation of iodide efflux by cAMP agonists with SMC bathed in high K ϩ saline was fully inhibited (p Ͻ 0.001) by 100 M glibenclamide and 500 M DPC but not by 100 nM TS-TM calix [4] arene (Fig. 3C ). This pharmacological profile of inhibition is in perfect agreement with that determined for the epithelial CFTR (19, 21, 24) .
Activation of CFTR Channels by the ␤-Adrenergic Agonist Isoproterenol-To begin to understand the physiological significance of CFTR expression in SMC and since pharmacological cAMP agonists stimulate the chloride channel activity of CFTR in epithelia (10 -18), we used for the following experiments more physiological modulators of SMC functions. Among the numerous physiological regulators of SMC leading to an elevation of the cellular cAMP level, we first selected the ␤-adrenergic agonist isoproterenol (22, 25) . In Krebs saline, no significant stimulation was noted with 1 M isoproterenol (n ϭ 8; Fig. 4 , A and C). However, a significant stimulation (p Ͻ 0.001, for stimulation compared in high and low K ϩ ) of iodide effluxes by 1 M isoproterenol was observed with a solution containing 80 mM K ϩ as shown in Fig. 4B (n ϭ 8) as compared with resting cells without isoproterenol (n ϭ 8, p Ͻ 0.001) (Fig. 4, B and D) . The typical time course for stimulation by isoproterenol of the efflux is illustrated in Fig. 4B , which shows a rapid increase of the rate of efflux (k) within the first 2 min after the addition. The corresponding calculated peak rate k was 0.217 Ϯ 0.001 min Ϫ1 (n ϭ 8). As for the cAMP agonists forskolin and IBMX, the isoproterenol-dependent stimulation was significantly different between high K ϩ (n ϭ 8; Fig. 4D ) and Krebs solutions (n ϭ 8; Fig. 4C , p Ͻ 0.001) and fully inhibited by glibenclamide (100 M, n ϭ 8; Fig. 4, B and D) . was the neuropeptide VIP, also known to increase the cellular cAMP in SMC (4) as well as in other cells (5) and to stimulate the activity of CFTR channels in epithelial cells (26, 27) . We thus explored the possibility that VIP could stimulate CFTR activity in SMC. As noted from the experiments using cAMP agonists and isoproterenol, VIP-dependent stimulation of iodide effluxes was significantly different with cells bathed in high K ϩ (n ϭ 14) or Krebs solutions (n ϭ 8) (Fig. 5A ) (p Ͻ 0.001). A significant iodide efflux was stimulated by 300 nM VIP with SMC bathed in a solution containing 80 mM K ϩ as compared with control experiments without VIP (n ϭ 14; p Ͻ 0.001 (Fig. 5B) . The corresponding peak rate k was 0.143 Ϯ 0.009 min Ϫ1 (n ϭ 14). In agreement with the above data, we also found that the VIP response was fully inhibited by 100 M glibenclamide and 500 M DPC but not by 100 nM TS-TM calix [4] arene (n ϭ 8 each; Fig. 5C ).
Effect of Angiotensin II on Iodide Efflux in Isolated SMC-In rat vascular smooth muscle cells, angiotensin II (AgII) is a vasoconstrictor agent that stimulates calcium-dependent chloride channel via increases in [Ca 2ϩ ] i (28, 29) . We therefore investigated whether calcium-dependent iodide efflux could be activated in SMC. Fig. 6 shows that a significant stimulation of iodide effluxes by 100 nM AgII was obtained independently of the concentration of extracellular K ϩ . Indeed, the calculated peak rates were similar (i.e. k ϭ 0.22 Ϯ 0.006 min Ϫ1 (n ϭ 8) and k ϭ 0.21 Ϯ 0.004 min Ϫ1 (n ϭ 8)) with cells bathed in a solution containing either low (4.7 mM) (Fig. 6A) or high K ϩ (80 mM) (Fig. 6B) , respectively. The time course for stimulation of the efflux is shown in Fig. 6, A and B . Importantly, the corresponding peak rates in the presence of 100 M glibenclamide were 0.23 Ϯ 0.01 min Ϫ1 (n ϭ 4) (Fig. 6A ) and 0.21 Ϯ 0.004 min
Ϫ1
(n ϭ 4) (Fig. 6B) were not different from those without glibenclamide (Fig. 6, C and D) . Thus, angiotensin II activated a chloride transport that is not sensitive to extracellular potassium nor to glibenclamide in contrast to the response obtained with either cAMP agonists, isoproterenol or VIP. Pharmacological Activation of CFTR Channels in SMC-If CFTR in SMC and in epithelial cells are similar, then we should observe stimulation of CFTR in SMC with activators of the epithelial homologues. Previously, we identified and synthesized, through a structure-activity relationship, pharmacological activators of the epithelial CFTR (19, 20) . Two of these drugs, MPB-07 and MPB-91, are potent activators, whereas a third one, MPB-80, is not able to stimulate the epithelial CFTR (see structures in Fig. 7) . With rat isolated SMC, we found stimulation of iodide efflux by MPB-07 and MPB-91 but not by MPB-80 (Fig. 7A) only with high K ϩ saline and not with normal Krebs solution (Fig. 7B) . The corresponding peak rates k were 0.207 Ϯ 0.01 min Ϫ1 (MPB-07, n ϭ 36), 0.270 Ϯ 0.01 min
(MPB-91, n ϭ 36), 0.063 Ϯ 0.05 min Ϫ1 (MPB-80, n ϭ 8), and 0.076 Ϯ 0.04 min Ϫ1 (basal, n ϭ 8). We determined from eight separate experiments the half-maximal effective concentrations (EC 50 ) for stimulation of iodide efflux in SMC by MPB-07 (EC 50 ϭ 158 Ϯ 1.3 M, n ϭ 4) and MPB-91 (EC 50 ϭ 20 Ϯ 1.6 M, n ϭ 4). The corresponding curves are presented in Fig. 7C . These values are in remarkable agreement with those determined in a parallel study performed with the human airway epithelial Calu-3 cell endogenously expressing CFTR (MPB-07: EC 50 ϭ 140 Ϯ 1.5 M, n ϭ 4; MPB-91: EC 50 ϭ 23 Ϯ 1.4 M, n ϭ 4, not shown). Again, we found similar pharmacological profiles for inhibition by glibenclamide and DPC but not by TS-TM calix [4] arene for MPB-07 (Fig. 7D) and MPB-91 (Fig. 7E) . These results demonstrated that specific CFTR activators like physiological regulators have similar effect with comparable pharmacology on the CFTR-dependent chloride transport in SMC.
Role of CFTR in Agonist-dependent Vasorelaxation of SMCSince the activity of CFTR in SMC was only apparent in high . Adding 100 M glibenclamide (n ϭ 8) has no effect on the AgII-dependent iodide efflux. basal, vehicle alone in Krebs (A and C) or 80 mM K ϩ (B and D). Data are mean Ϯ S.E. of n observations. ***, p Ͻ 0.001. ns, nonsignificant difference. extracellular K ϩ saline, which normally leads to the contraction of muscle via depolarization-induced activation of Ca 2ϩ channels, we made the assumption that CFTR could be activated during vasoconstriction to promote vasorelaxation. To address this, we performed experiments on rat aortic rings mounted in an organ bath apparatus and measured their muscular activity. To avoid interaction with the endothelium, aortic rings were denuded, and the integrity of the preparation was subjected to acetylcholine as indicated under "Experimental Procedures." Reversible constriction was obtain after perfusion of the medium used for iodide efflux experiments containing 80 mM K ϩ . Fig. 8A shows as a typical experiment in which increasing the concentrations of MPB-91 from 3 to 200 M (n ϭ 8 for each concentration) but not of MPB-80 (Fig. 8B, n ϭ 8 (n ϭ 16) and 70 Ϯ 1.12 M (n ϭ 8), respectively ( Fig. 9 ) (note that these concentrations are in good agreement with our efflux data). MPB-80, which had no relaxation property (Figs. 8B and 9) also failed to stimulate CFTR-mediated iodide efflux. Finally, to verify that the vasorelaxant action of CFTR activators was not solely observed with aortic rings preconstricted by high K ϩ saline, we also used the ␣-adrenergic agonist norepinephrine. Fig. 10 presents a typical experiment representative of six different experiments showing that the CFTR activator MPB-07 produced concentration-dependent relaxation with IC 50 ϭ 36 Ϯ 1.07 M (n ϭ 6). We concluded from these series of experiments that the activation of CFTR channels leads to vasorelaxation of rat aortic rings constricted by either high KCl or ␣-adrenergic receptor stimulation.
DISCUSSION
This report provides the first description of CFTR chloride channels expression in smooth muscle cells. Three salient features of this report are as follows. 1) Activation of ␤-adrenergic or VIP receptors and subsequently of the adenylyl cyclasecAMP-PKA phosphorylation pathway leads to activation of CFTR in SMC. 2) Pharmacological activation/inhibition of CFTR in SMC is similar to that of the epithelial CFTR. 3) CFTR activation in SMC leads to vasorelaxation. Taken together, these observations suggest a novel mechanism for the autonomic and hormonal control of the vascular tone and are discussed below.
cAMP-dependent Regulation of CFTR in Smooth Muscle-We showed that vascular CFTR proteins can be phosphorylated in vitro by PKA and that agonists of the cAMP pathway, like isoproterenol, VIP, forskolin, and IBMX, stimulated CFTR chloride channel activity in rat SMC. The pharmacology of the vascular CFTR channel activity is remarkably similar to that of the epithelial CFTR, both for activation (MPB derivatives) and for inhibition (glibenclamide and DPC). findings, CFTR appears to be the major chloride channel activated by cAMP-dependent agonists, most probably via phosphorylation of the R domain of CFTR by PKA (14) . The cAMP pathway is an important regulator of the vascular tone. In this regard, ␤-adrenergic receptors are located on vascular smooth muscle cells and mediate vasodilating effects of endogenous catecholamines (22, 25) . The action of ␤-adrenergic receptors involves stimulation of adenylyl cyclase via interaction of the agonist-receptor complex with G s and subsequent intracellular cAMP concentration increase (25) . In addition, relaxation could be elicited by direct activation of adenylyl cyclase (22) . This signal transduction pathway has also been described for CFTRdependent secretion in epithelia (14) . Furthermore, we also showed that the neuropeptide VIP, another potent endogenous vasodilator (4), activated CFTR in SMC. In SMC, VIP induces an increase in cAMP concentration and activates PKA with multiple effects on the sarcolemmal Ca 2ϩ pump ATPase and on the affinity of myosin light chain kinase for the Ca 2ϩ -calmodulin complex (30) . These effects produce smooth muscle relaxation and vasodilation. Therefore, CFTR activation might constitute at least in part a molecular entity by which VIP and ␤-adrenergic receptors relax smooth muscles (4) .
The Activation of CFTR Occurs during Contraction of Smooth Muscle-We observed the stimulation of CFTR chloride channel activity by cAMP agonists, isoproterenol, or VIP when smooth muscle cells were in a depolarizing high potassium solution. Indeed, with SMC bathed in normal potassium solution, no evidence for active CFTR was observed. Because the Cl Ϫ equilibrium potential in SMC is thought to be positive to the resting potential, between Ϫ30 and Ϫ40 mV (7, 8) , activation of calcium-dependent chloride channels (or I ClCa ) during agonist stimulation would produce membrane depolarization, Ca 2ϩ entry through voltage-dependent Ca 2ϩ channels, and contraction. During contraction and upon stimulation of the intracellular cAMP pathway, since CFTR channel gating is voltage-independent (14), a substantial CFTR-dependent outward current (corresponding to an hyperpolarizing inward flow of anions) activated by isoproterenol, VIP, and other CFTR agonists would partly counter the depolarizing influence of the Ca 2ϩ current, leading to attenuated contractile machinery and to relaxation. In support for that finding, cellular hyperpolarization is one major process that leads to muscle relaxation (1, 6, 7), and ␤-adrenergic stimulation by isoproterenol hyperpolarized and relaxed smooth muscle (25) . We propose that CFTR in SMC controls the vascular tone by modulating the membrane potential in the activation window of voltage-dependent Ca 2ϩ channels. Cardiac Function and Hypertension in Cystic Fibrosis-Cystic fibrosis causes dramatic damage to the digestive system and lungs, but constant progress in medical therapy has resulted in improved survival, such that many CF patients are living well into adulthood. However, as the disease progresses, these patients develop disabling respiratory and nonrespiratory diseases and eventually respiratory failure, portal and pulmonary hypertension, and cor pulmonare. Cor pulmonare is defined as a hypertrophy of the right ventricle resulting from diseases affecting the function and/or structure of the lung (31) . The pathophysiology of pulmonary hypertension in CF is thought to be related to progressive destruction of the lung parenchyma and pulmonary vasculature and to pulmonary vasoconstriction secondary to hypoxemia (32) (33) (34) . Vasoconstriction of the smalland medium-sized pulmonary arteries play an important role in the pathogenesis of pulmonary hypertension during the early stages of the disease (32) . Although the underlying pathogenic mechanisms of pulmonary hypertension remain poorly understood, several hypothesis exist (32) . Among them are pulmonary artery endothelial cell dysfunction, abnormal smooth muscle phenotype, abnormal expressions of ion channels, increased levels of vasoconstrictor mediators, and reduced production of vasodilators. Interestingly, early observations showed a decreased ␤-adrenergic responsiveness in patients with CF, indicating a defect in the cAMP-dependent pathway in vascular smooth muscle cells (35) . After cardiorespiratory problems and transplantation complications, liver disease is the commonest cause of death, accounting for 2.3% of overall mortality (36) . The incidence of CF-associated liver cirrhosis varies from 1.5 to 25% of adolescent and young adults, the most serious complication being portal hypertension, with the subsequent occurrence of variceal bleeding (36) . The role of CFTR in these different processes is unknown. For example, although the cardiac variant of CFTR is one of the most studied cardiac chloride channel (11) (12) (13) (14) , its contribution to human cardiac electrophysiology is still debated and controversial (reviewed in Ref. 37) . Cardiac abnormalities are infrequently associated with CF, and the cardiac manifestations are generally considered to occur secondary to pulmonary pathology.
The demonstration that CFTR is present in endothelium (15, 16) together with our present observations that CFTR is expressed in SMC may therefore help to explain the role of this ion channel in cardiovascular physiology. Further investigation will be required to understand the role of CFTR in cardiorespiratory complications such as pulmonary hypertension in CF. Our observations have therefore several important implications related to understanding how the vascular tone is physiologically regulated and what is the role of CFTR Cl Ϫ channels in these processes. FIG. 10 . Effect of MPB-07 on the tension of rat aorta preconstricted by the ␣-adrenergic agonist norepinephrine. Shown is the original trace of an experiment performed with a denuded aortic ring preconstricted by norepinephrine (NE at the bottom of the trace). The effect on tension of various concentrations of MPB-07 was examined. The corresponding IC 50 value is 36 Ϯ 1.07 M (n ϭ 6).
